Expression of PD-L1, PD-L2, PD-1 and CTLA4 in myelodysplastic syndromes is enhanced by treatment with hypomethylating agents.
10 Youngblood B, Oestreich KJ, Ha SJ, Duraiswamy J, Akondy RS, West EE et al. Anaplastic large cell lymphoma (ALCL) in children is frequently associated with a translocation in the anaplastic lymphoma kinase (ALK) gene at the 2p23 locus. In ALK-positive ALCL (ALK+ ALCL), the major fusion partner is nucleophosmin 1 (NPM1), which results in the translocation t(2;5)(p23;q35) and aberrant production of the 80 kDa fusion protein NPM1-ALK. 1 ALK kinase belongs to the insulin receptor subfamily of kinases and is expressed in only the neuronal tissue, ganglion cells of the intestine and testis. However, translocation with NPM1 or alternative partners leads to aberrant constitutive activation of the catalytic domain of ALK through homodimerization. 2 For the most common NPM1-ALK fusion, immunohistochemical detection of the ALK antigen shows both nuclear and cytoplasmic staining due to the heterodimerization of NPM1-ALK and normal NPM1, a nucleolar phosphoprotein that is ubiquitously expressed and shuttles between the cytoplasm and the nucleus. 3~1 5% of ALK+ ALCL cases lack the nuclear staining pattern, indicating that aberrant ALK expression is due to a partner gene other than NPM1. Indeed, in some ALK+ ALCL cases, a different partner for ALK has been identified, such as TPM3, TFG, ATIC, CLTCL, MSN, MYH9, or TRAF.
4,5 Herein, we report a novel translocation partner for ALK in two pediatric patients with ALCL by using next-generation transcriptome sequencing analysis.
RNA sequencing (RNA-seq) was used to identify the non-NPM1 partner of the ALK fusion in a case of ALK+ ALCL (patient 1) that exhibited a cytoplasmic-only ALK staining pattern (Supplementary Figure S1) . RNA-seq analysis of the tumor revealed 106 fragments representing a chimeric in-frame fusion that juxtaposed exon 6 of the eukaryotic translation elongation factor 1, gamma (EEF1G) to exon 20 of ALK (Figure 1a, upper panel) . Reverse-transcription PCR confirmed the presence of EEF1G-ALK transcripts in the tumor sample but not in the NPM1-ALK-positive ALCL cell line SupM2 (Figure 1b) . Sanger sequencing verified that the fusion occurred at EEF1G NM_001404 c.798 (exon 6) and ALK NM_004304 c.4125 (exon 20; Figure 1a , lower panel). The same ALK breakpoint corresponding to exon 20 has been reported in other ALK fusions in ALCL. [6] [7] [8] To map the genomic breakpoints, a conventional PCR-based assay was performed by using a series of forward primers designed to start from exon 20 through intron 20 of ALK (negative strand) and reverse primers to start from the C-terminal part of exon 6 through intron 7 of EEF1G (negative strand). Bidirectional Sanger sequencing of the PCR product revealed a breakpoint at position chr11:62567064 within EEF1G and chr2:29223806 within ALK (Supplementary Figure S2) . Fluorescence in situ hybridization (FISH) of primary tumor sections confirmed the presence of the EEF1G-ALK rearrangement ( Figure 1c ). These results verify that EEF1G is a novel partner of ALK in ALCL, which results in the translocation t(2;11)(2p23;11q12.3). Mutation or rearrangement of EEF1G has not been previously reported in congenital or acquired disorders.
To assess the frequency of the novel EEF1G-ALK fusion gene in ALK+ ALCL, the RNA-seq data from 27 additional pediatric patients with ALCL were studied to determine the presence of the ALK fusion. In this group that also included patient 1 described above (n = 28), all patients harbored an ALK fusion, of whom four (14.3%) had a variant non-NPM1-ALK fusion. The identified partner genes included the novel ALK partner EEF1G in one more case (patient 2) and the known partner ATIC (2q35) in two patients. Immunohistochemical staining for ALK expression in tumor tissues from these four patients revealed a cytoplasmic-only ALK staining pattern, which was consistent with the presence of a variant t(2p23/ALK) (Supplementary Figure S1 ). Wild-type or full-length ALK mRNA was not detected.
As seen for patient 1, RNA-seq analysis of the tumor from patient 2 revealed the same chimeric in-frame fusion that juxtaposed exon 6 of EEF1G to exon 20 of ALK. FISH analysis of tumor section from patient 2 confirmed the presence of the EEF1G-ALK fusion (73% of the cells counted). A subset of the tumor cells (33%) showed one extra copy of the rearranged ALK gene, which was not observed on patient 1 by FISH. PCR analysis Figure S3) were assessed for growth in the absence of IL-3, along with NPM1-ALK and empty vector-transduced cells. Viable cell counts were determined in quadruplicate, using trypan blue at 48 h intervals; each timepoint represents the mean ± s.e.m. (e) Cytokine-independent proliferation was inhibited by the small-molecule ALK inhibitor crizotinib. Transduced Ba/F3 cells were grown in increasing concentrations of crizotinib. Results represent the mean ± s.e.m. from quadruplicate determinations. of genomic DNA from patient 2 showed presence of the EEF1G-ALK fusion. Sanger sequencing revealed breakpoints in the same introns within the EEF1G (intron 7) and the ALK (intron 20) genes (Supplementary Figure S2) .
The EEF1G-ALK fusion encodes a 780-amino-acid chimeric protein with a predicted molecular mass of 87 kDa (Figure 1d ). The novel EEF1G-ALK fusion is predicted to yield a protein product comprising the N-terminal GST-like domain of EEF1G (residues 1-217) and the cytoplasmic tail containing the tyrosine kinase domain of ALK (resides 218-780) (Figure 1d) . In patient 1, western blot analysis for both ALK and total EEF1G revealed a band corresponding to a molecular mass slightly higher than that for the 80 kDa NPM1-ALK present in the ALK+ ALCL cell lines SR-786 and SupM2, which was consistent with expression of the novel fusion (Figure 1e) .
EEF1G, located on chromosome 11q12.3, encodes a member of the eukaryotic elongation factor-1 (EF1) complex that controls the elongation phase of protein synthesis. The eEF1 complex comprises subunits EEF1A, EEF1Bα or EEF1-beta (EEF1B), EEF1Bδ or EEF1-delta (EEF1D) and EEF1Bγ or EEF1-gamma (EEF1G). 9 The N-terminal domain of EEF1G is structurally similar to the theta class of glutathione S-transferase (GST). 10, 11 Purification of the recombinant full-length, amino-, and carboxy-terminal domains of the human EEF1G protein showed that the full-length and amino-terminal domains are dimeric whereas the C-terminal domain is monomeric.
11
Structural studies of the yeast EF-1 complex indicate that the GST-like domain of EEF1G is essential for the stable dimerization of EEF1G and the quaternary structure of the EF-1 complex. 12, 13 In the EEF1G-ALK fusion reported herein, the 5′ partner of the fusion protein retained the GST domain of EEF1G (Figure 1b) .
Ectopic expression of the full-length EEF1G-ALK coding sequence in HEK 293T cells, followed by western blot analysis of both EEF1G and total ALK confirmed expression of the EEF1G-ALK fusion protein, which had a predicted size of~87 kDa (Figure 2a) . Also, phospho-ALK levels were high in the EEF1G-ALK-transfected HEK 293T cells, indicating a constitutively active EEF1G-ALK tyrosine kinase (Figure 2a) . Consistent with this finding, expression of EEF1G-ALK induced the activation/phosphorylation of both STAT3 and P70S6K (Figure 2a, Supplementary Figure S3 ). In the tumor samples the EEF1G-ALK fusion demonstrated anti-ALK staining that was restricted to the cytoplasm, in contrast to the cytoplasmic and nuclear staining observed in NPM1-ALK-positive ALCL. Studies in human fibroblasts indicate that three subunits of the EF-1 complex, EEF1B, EEF1G and EEF1D, colocalize in the cytoplasm with the endoplasmic reticulum, possibly via EEF1G. 14, 15 Subcellular protein localization studies of the EEF1G-ALK fusion in HeLa cells showed a cytoplasmic-only localization (Figure 2b) , consistent with the histologic observation in the tumor samples and the expected localization directed by the EEF1G partner gene.
Because the signaling by ALK fusion proteins depends on a dimerization site in the fusion partner, it is possible that the GST domain derived from EEF1G mediates the dimerization and activation of EEF1G-ALK. As point mutations are a potential mechanism for aberrant kinase activation, we studied the RNA-seq data to confirm that the tumors did not harbor mutations within the ALK kinase domain. To verify the dimerization potential of EEF1G, we transfected HEK 293T cells with expression vectors for both hemagglutinin (HA)-tagged EEF1G-ALK and hexahistidine (His6)-tagged EEF1G-ALK. Immunoprecipitation of cell lysates with antibodies to HA and probing of the resultant precipitates with antibodies to His6 revealed that HAtagged EEF1G-ALK was associated with substantial amounts of the His6-tagged EEF1G-ALK (Figure 2c ). Immunoblot analysis of immunoprecipitates with antibodies to His6 confirmed that the His6-tagged EEF1G-ALK under the two different transfection conditions was expressed at similar levels. These results support the dimerization properties of the novel EEF1G-ALK fusion.
To further assess the oncogenic potential of the EEF1G-ALK fusion, cell proliferation assays of murine Ba/F3 cells expressing EEF1G-ALK were performed in the absence of exogenous cytokines. EEF1G-ALK expression conferred cytokine-independent growth (Figure 2d ) similar to that observed in Ba/F3 cells expressing the NPM1-ALK fusion protein. Importantly, crizotinib, a small-molecule inhibitor of ALK, reduced the cytokine-independent proliferation of transduced Ba/F3 cells (Figure 2e ). Consistent with this observation, immunoblot analysis revealed that crizotinib inhibited the phosphorylation of tyrosine on EEF1G-ALK (on the residue corresponding to the phosphorylated Tyr 1282/1283 residues of wild-type ALK) in a concentration-dependent manner in transfected Ba/F3 cells (Supplementary Figure S3) . These findings support that, as seen in the NPM1-ALK fusion, the novel EEF1G-ALK fusion also exhibits a cell-transforming activity that is dependent on the activation of ALK kinase.
In conclusion, we describe a novel EEF1G-ALK gene fusion in two pediatric patients with ALCL that is associated with a cytoplasmic-restricted localization of the ALK fusion protein. Our functional studies provide evidence of the dimerization properties of the EEF1G-ALK chimeric protein and constitutive activation of ALK kinase, which promotes cell proliferation independently of the nuclear localization of the ALK fusion.
